, and the latter to L-a-aminoadipate (7, 29) . These studies support the pathway for pipecolate oxidation previously proposed for rat liver mitochondria by Rothstein and Greenberg (31) and for P. putida P2 by Basso et al. (3) shown in Schema 1.
Using the elective culture technique, Rao and Rodwell (29) isolated several Pseudomonas species capable of growth on pipecolate as the sole organic nutrient. One of these, Pseudomonas putida P2, converts DL-pipecolate to L-A5-piperideine-6-carboxylate and L-a-aminoadipatea-semialdehyde (3) , and the latter to L-a-aminoadipate (7, 29) . These studies support the pathway for pipecolate oxidation previously proposed for rat liver mitochondria by Rothstein and Green- berg (31) and for P. putida P2 by Basso et al. (3) shown in Schema 1. Calvert and Rodwell (7), using pipecolategrown cells, purified a soluble oxidoreductase catalyzing the nicotinamide adenine dinucleotide VOL. 92, 1966 Holland (14) . Chromatographically homogeneous DL-pipecolic acid * HCl was prepared by exhaustive hydrogenation of pyridine-2-carboxylic acid over platinum oxide (29) followed by purification with Norit (American Norit Co., Inc., Jacksonville, Fla.) and repeated recrystallization from methanolacetone.
Bacteriological. Salts stock A contained 22. 10 ,000 X g. The cell-free extract was centrifuged for 2 hr at 105,000 X g to sediment P2-ETP. The yellow-red P2-ETP pellet was washed one to three times by resuspension in buffer and resedimentation for 2 hr at 105,000 X g, then resuspended in 40 to 50 ml of 0.01 M buffer and lyophilized. When kept under vacuum at -32 C, only slight losses of pipecolate oxidase or dehydrogenase activities occurred over several months.
Chemical determinations. Protein was routinely determined by a modification of the method of Lowry et al. (22) . Color was developed for 45 sec at 100 C, followed by immediate cooling to 25 C. In samples used for spectral studies, protein was determined by a modification of the biuret method of Gornall et al. (12) . Suspensions were clarified with sodium deoxycholate (pH 8.0) at 0.1% final concentration before adding biuret reagent. Color was developed for 20 sec at 100 C, followed by immediate cooling to 25 C. Bovine serum albumin was used as a standard for both procedures.
Copper was measured as the biquinoline-cuprous complex by a modification of the method of Smith and McCurdy (33) on samples wet-ashed with concentrated sulfuric and nitric acid mixture and hydrogen peroxide. To samples containing 1 to 4/ug of copper in a volume of 0.5 ml, 0.15 ml of 5% thioglycolate solution and 0.5 ml of glacial acetic acid were added. Tubes were shaken for 2 min. A 1.0-ml amount of a saturated solution of sodium acetate (previously extracted with 2,2'-biquinoline in iso-amyl alcohol to eliminate contaminating copper) and 1.0 ml of 1% 2, 2'-biquinoline in iso-amyl alcohol were then added. Tubes were shaken for 5 min, the pink organic phase was removed, and its absorbancy at 535 mu was determined. (13) .
e Samples for iron analysis had been dialyzed for 5 hr against 0.05 M potassium phosphate buffer (pH 7.2) containing 103 M EDTA.
of the phospholipid of BHM-ETP is lecithin, this is absent from P2-ETP, and phosphoethanolamine is instead proportionally increased.
Spectral studies. The difference spectra obtained on reduction of P2-ETP are shown in Fig. 1 . Reduction with ascorbate produced absorption maxima at 552, 520, and 422 mjA, characteristic of a c-type cytochrome. Addition of dithionite to the ascorbate-reduced sample gave absorption maxima at 558 to 559, 530, and 427 m,, corresponding to a b-type cytochrome. Flavins and nonheme iron (Table 1) were responsible for at least part of the bleaching between 450 and 500 m,. Upon reduction with dithionite, no a-band of reduced a-type cytochrome was observed in the region from 590 to 625 m,u in any P2-ETP preparation. Neither did any of the oxidized P2-ETP samples show a band in the 625-m,u region, corresponding to the "blue protein" of P. aeruginosa (16) .
The cytochromes of P2-ETP were further studied after conversion to their pyridine hemochromogens. The spectra of the pyridine hemochromogens of an acid-acetone extract of thrice- maxima at 556, 522, and 418 m,, characteristic of b-type cytochromes, were obtained. Again, no band in the 615-m,u region corresponding to an a-type cytochrome was observed. Figure 2B shows the difference spectra of the pyridine hemochromogens obtained from the residue remaining after acid-acetone extraction. Absorption bands with maxima at 551, 516 to 519, and 418 m,u were obtained upon reduction with dithionite, confirming the presence of a c-type cytochrome.
Reduction of P2-ETP by pipecolate. Only partial reduction of the cytochromes of P2-ETP was obtained with pipecolate as reductant, when measured in an aerobic system. Thus, as shown in Fig. 3 The wavelength of 430 mgu corresponds to the absorption maximum of the compound formed by reacting Al-piperideine-6-carboxylate with ninhydrin-acetic acid (3).
P2-ETP can also catalyze the oxidation of pipecolate by DCPIP and mammalian cytochrome c, but not by ferricyanide. As discussed below, DCPIP is a better electron acceptor than cytochrome c in the systems studied here.
Because of the similarities between P2-ETP and mammalian ETP, several of the activities known to be present in the latter were investigated in P2-ETP preparations. NADH2 oxidase activity was measured, with use of once-washed P2-ETP.
A 6-min lag in the decrease in absorbancy at 340 m, was observed after 0.28 ,umole of NADH2 (in a volume of 0.2 ml) was added to an assay mixture containing 100 umoles of potassium phosphate buffer (pH 6.5) and P2-ETP equivalent to 0.18 mg of protein (in a volume of 2.8 ml). The reaction then proceeded linearly for at least 15 min, with an absorbancy change of 0.016/min. The observed lag could be the result of reduction of the formed NAD by contaminating L-aaminoadipate-8-semialdehyde:NAD oxidoreductase (7) However, the capacity of P2-ETP to catalyze the oxidation of the different substrates, as measured by DCPIP reduction, was found to be greatly affected by the procedure followed for the preparation and storage of the P2-ETP samples. Table 2 shows that, whereas pipecolate dehydrogenase activity was decreased markedly by washing the P2-ETP preparation or by storing it as a suspension for 10 days at -10 C, the capacity of P2-ETP to oxidize NADH2 decreased only on storage. Succinate dehydrogenase activity, on the other hand, was stable under the conditions studied. Pipecolate dehydrogenase activity was also affected by the salt concentration, which varied somewhat from sample to sample, depending on the volume and concentration of P2-ETP before lyophilization. The values given in Table 2 (samples 2 and 3) are typical examples.
With mammalian cytochrome c, the oxidation of the different substrates by P2-ETP proceeded at a much slower rate than when DCPIP was used as electron acceptor (Table 3) . The values used for the DCPIP data are those corresponding in Table 2 a The assay conditions for mixtures using DCPIP as electron acceptor are described under Table 2 . For the determination of dehydrogenase activities in the presence of cytochrome c, the assay mixtures contained, in a volume of 3.0 ml: 100 jAmoles of potassium phosphate buffer (pH 6.5), 0.1 umole of horse heart cytochrome c, 9.9 ,umoles of KCN (pH 6.5), and from 0. 19 assay with once-washed P2-ETP were used for the data obtained with mammalian cytochrome c. resembles, in composition and enzyme activities, the electron transport particle of beef heart mitochondria (8, 13 ) and the broken cytoplasmic membranes known to carry the electron transport chain in a number of bacteria [reviews by Marr (23) , Dolin (9) , Smith (32) , and Newton and Kamen (27) ]. Cytochromes with absorption bands similar or identical to the ones described in this work have also been reported. A c-type cytochrome of P. aeruginosa with absorption maxima at 552, 520, and 416 m,u on reduction with dithionite was described by Kamen and Takeda (21) , and a c-type cytochrome of P. fluorescens with absorption maxima identical to those found in this work was reported by Stanier et al. (34) . The absorption bands of the b-type cytochrome found in P2-ETP coincide with those of cytochrome bi of Escherichia coli (11, 19) .
The failure to identify any type a cytochrome in P2-ETP is not unique. Others (20, 34) (Fig. 3) , are facts hard to reconcile with the above data. The significance of the high copper content is not clear. Although a constituent of mammalian cytochrome oxidase, copper is absent from P. aeruginosa cytochrome oxidase (35) and is instead a constituent of the "blue protein" (16) . In P2-ETP, however, no spectral evidence for the presence of a similar blue protein was obtained. It is possible, therefore, that a cytochrome oxidase is present in amounts that escaped detection by the methods used. The alternative would be that either of the cytochromes known to be present in P2-ETP is auto-oxidizable. Cytochromes of the b-type are known to be oxidized directly by oxygen. However, pipecolate dehydrogenase, a flavoprotein-cytochrome b complex which we obtained from P2-ETP (unpublished data) cannot catalyze Al-piperideine-6-carboxylate formation with oxygen as an electron acceptor. The finding that pipecolate only partially reduced the cytochromes of P2-ETP could also be due to the presence in the preparation of a b-type cytochrome not reducible by that substrate.
The incomplete reduction of the c-type cvtochrome together with the slight shift in the maxima of the peaks observed when P2-ETP was reduced with pipecolate plus KCN suggest the formation of a cytochrome c-cyanide complex, irreducible by substrate (15, 28) . If the type c cytochrome of P2-ETP were the component reacting directly with oxygen, the formation of such a complex would explain the stimulatory effect of KCN when the oxidation of different substrates, with DCPIP or mammalian cytochrome c as electron acceptors, was measured. It would also explain the slow and progressive inhibition of oxygen uptake, as measured by manometric techniques. However, similar results are obtained in systems in which KCN acts at the level of cytochrome oxidase.
The similarities both in composition and enzymatic activities found in P2-ETP and in BHM-ETP are evident. It is possible, therefore, that, in P2-ETP, the electron flow from substrate to oxygen also follows the path proposed for BHM-ETP. The data discussed above could thus be summarized as shown in Schema 2.
